The increased or inappropriate expression of genes with oncogenic properties through speci®c chromosome translocations is an important event in the pathogenesis of Bcell lymphoproliferative diseases. Recent studies have found deletions or translocations of chromosome 7q to be the most common cytogenetic abnormality observed in SLVL, a leukemic variant of SMZL, with the q21 ± q22 region being most frequently aected. In three patients with translocations between chromosomes 2 and 7, the cloning of the breakpoints at 7q21 revealed that each was located within a small region of DNA 3.6 kb upstream of the transcription start site of cyclin dependent kinase 6 (CDK6). In each case the translocation event was consistent with aberrant VJ recombination between the immunoglobulin light chain region (Ig kappa) on chromosome 2p12 and DNA sequences at 7q21, resembling the heptamer recombination site. The t(7;21) breakpoint in an additional patient with splenic marginal zone lymphoma (SMZL), resided 66 kb telomeric to the t(2;7) breakpoints juxtaposing CDK6 to an uncharacterized transcript. In two of the SLVL patient samples, the CDK6 protein was found to be markedly over expressed. These results suggest that dysregulation of CDK6 gene expression contributes to the pathogenesis of SLVL and SMZL.
Introduction
Structural abnormalities of chromosome 7q are common in myeloid malignancies but rare in lymphoid tumors (Fischer et al., 1997; Dascalescu et al., 1999) . Recently, several studies have noted an association between the 7q abnormalities and a subgroup of chronic B cell lymphoproliferative disorders in which the tumor cells show lymphoplasmacytoid features (Oscier et al., 1993 (Oscier et al., , 1996 Wong et al., 1998) . The histological or hematological diagnoses in these cases include lymphoplasmacytic lymphoma, splenic marginal zone lymphoma (SMZL) and its leukemic variant, splenic lymphoma with villous lymphocytes (SLVL) (Jae, 1997). We have previously found 7q abnormalities to be the most common cytogenetic abnormality in SLVL, occurring in 26% of cases (Oscier et al., 1996) . Most of the abnormalities comprise deletions involving bands 7q22 and/or 7q32 (Ot et al., 1995; Hernandez et al., 1997a; Dascalescu et al., 1999) , or translocations between 7q21 or q22 and other partner chromosomes (Oscier et al., 1996) . Occasional cases show more distal deletions of 7q34 ± q36 (Hernandez et al., 1997b) .
A number of genes of potential importance in malignancy have already been mapped to chromosome 7q. These include the possible tumor suppressor gene CUTL1 (Zeng et al., 1997) , the asparagine synthetase gene (ASNS) the cyclin dependent kinase 6 gene (CDK6) Bullrich et al., 1995) , located at 7q21/22, the fragile site FRA7H at 7q32 (Mishmar et al., 1998) , the apoptosis regulatory gene NEDD2 at 7q34 ± q35 (Kumar et al., 1995) and the DNA repair gene XRCC2 at 7q36.1 (Tambini et al., 1997) . However the genetic consequences of 7q abnormalities in both myeloid and lymphoid tissues remains unknown.
The purpose of this study was to characterize the translocation breakpoints in four cases of SLVL or SMZL with translocations of 7q21 ± 22, in order to de®ne the genes involved.
Results

FISH analysis
Three patients with SLVL and one patient with SMZL have been investigated, see Table 1 for clinical details. Fluorescent in situ hybridization (FISH) using probes speci®c for 7q identi®ed a yeast arti®cial chromosome (YAC) clone, HSC7E947, which spanned the translocation breakpoint in each case. All other YACs analysed showed the appropriate signals either proximal or distal to the translocation breakpoints. To determine the precise site of the breakpoints a high resolution physical map was constructed (Figure 1 ). It was possible to demonstrate, by FISH, that bacterial arti®cial chromosome (BAC) H_NH0029A11 also spanned all four breakpoints. Cosmid cos130a6 encompassed the SLVL breakpoints (Figure 2 ) while cosmid BMTH9, approximately 50 kb distal to cos130a6, spanned the P4 breakpoint.
Molecular analysis
DNA sequence analysis of cos130a6 showed that it contained the ®rst exon and promoter region of the gene for CDK6. A large genomic region¯anking cos130a6 had previously been sequenced allowing us to determine that CDK6 contained 7 exons spanning 218.449 nucleotides of DNA in the 7cen-3'-CDK6-5'-7qter orientation at 7q21.2 (Figure 1) . Analysis of this sequence data indicated that CDK6 was the only apparent transcriptional unit in the vicinity of the breakpoints (Figure 1 ). The CALCR gene was the closest characterized gene telomeric to CDK6, being over 800 kb away (an annotated version of the complete 7q21 region is posted at http://www.genet.sickkids.on.ca/chromosome7/). More information on the genomic clones is also available at this WWW-site. The position of the translocation breakpoints in each patient, as determined by FISH and DNA sequence analysis of the cloned breakpoint, is shown.
The translocation breakpoints in P1, P2, and P3 were mapped precisely within a 1.65 kb region, 3.6 kb upstream of the transcriptional start site of CDK6, and in P4 the breakpoint was located 66 kb upstream of CDK6 (Figure 3 ). Genomic probes (p1303.0 and p1305.0 from cos130a6 and p67tel from cosmid BMTH9) were used to identify the genomic rearrangements. Probes p1303.0 and p1305.0 identi®ed rearranged bands with enzymes XbaI, SacI and EcoRI in P1 (Figure 3a ± c respectively) while P2 showed similar rearrangements (Figure 3b,c) . Probe p1305.0 detected dierent rearrangements in P3 when hybridized to EcoRI and PvuII digested patient DNA ( Figure 3d ,e respectively). Rearrangements in P4 were not found with probes p1303.0 or p1305.0 but were identi®ed with the more telomeric probe p67tel on XbaI (Figure 3f ) and BamHI (not shown) digested patient DNA. No genomic rearrangements of CDK6 were found in an additional 15 SLVL patients who did not have karyotypic abnormalities of 7q21. Breakpoints from the four patients were subsequently cloned and sequenced (Figure 4 ). In the three patients with SLVL the breakpoint on 2p12 was localized to the heptamer recombination recognition sequence of the kappa light chain variable region genes (L24a in P1 and P2 and the B1 pseudogene in P3 (Lorenz et al., 1988) . The 7q21 breakpoint in P1 and P2 was 2064 bp upstream of the transcription start site of CDK6 while the breakpoint in P3 was 1.65 kb telomeric to the P1/P2 breakpoint. In all three cases the 7q21 breakpoint showed DNA sequence identity with the immunoglobulin recombination recognition sequence (®ve out of seven bases in P1 and P2 and six out of seven bases in P3), (Figure 4 ). This suggests that all three translocations may have resulted from aberrant VJ recombination. The 7q21 breakpoint in P4 occurred 300 bp into a 25 kb region composed primarily of L1 repetitive elements (Figure 3) . The sequence at the breakpoint again showed six out of seven bases of sequence identity with the immunoglobulin recognition sequence. Additionally a transcript on chromosome 21, localized by PCR using a chromosome 21 speci®c somatic cell hybrid sample, has been identi®ed, within 1 kb of the breakpoint. Sequence analysis identi®ed the presence of a THE-7 element located between the P3 and P4 breakpoints 29 kb telomeric to CDK6 (Figure 1 ). This site has been previously reported by Wahbi et al. (1997) to be juxtaposed to the Ig heavy chain locus on chromosome 14q32 in a patient with a chronic B-cell disorder and a t(7;14)(q22;q32), (shown in Figure 1 as t(7;14)), however, the proximity to the CDK6 locus was not noted. , and BMTH9 were located within the DNA sequence contig by end-sequencing and alignment. Genomic sequence analysis was completed by comparison to the EST databases as well as scanning for putative exons using all available prediction programs. In the region shown in this figure only CDK6, and Unigene Hs.132921 could be identi®ed as transcriptional units Figure 2 Dual color FISH showing a metaphase counterstained with DAPI from SLVL Patient 1 (P1) who was karyotyped as 46, XY t(2;7)(p11;q22) (Oscier et al., 1996) . Whole chromosome 2 paint in green, is hybridized to the normal chromosome 2 and has partially painted the two chromosomes derived from the translocation. Cosmid cos130a6, localized to 7q21.2, gives a red signal, split between the two chromosomes involved in the rearrangement in addition to a single red signal on the normal chromosome 7. Other genomic probes proximal and distal to cos130a6 always gave the expected results indicating the breakpoint in this patient could be re®ned to 7q21.2 by FISH (in comparison to the 7q22 breakpoint, characterized by karyotyping alone)
Expression analysis
To demonstrate the involvement of CDK6 in SMZL we performed RT ± PCR, Western blotting and¯ow cytometry on the tumor cells of P1 and P2. Material was not available for expression studies from P3 and P4. In both P1 and P2 there was over expression of CDK6 compared to SLVL tumor cells from patients lacking the 7q21 rearrangement ( Figure 5 ). The protein had the expected electrophoretic mobility suggesting it The results for P1, (a), and P2, (b), indicates the breakpoints occurred at the same genomic position with only a single basepair dierence at the breakpoint. The breakpoint in P3, (c), occurs 1.65 kb telomeric to that in P1 and P2. The breakpoint in P4, (d), like that in the t(7;14) case, occurs within a repetitive region, in this instance located 66 kb telomeric to the start of transcription of CDK6. The full translocation breakpoint sequences from P1, P2, P3 and P4 were submitted to GenBank and assigned accession numbers AF127665, AF127666, AF127667, AF127668 respectively. Accession numbers for the two expressed transcripts identi®ed through sequence analysis of the P4 breakpoint clone are H09429 and R53273 was normally translated. The quantity of expressed protein was approximately an order of magnitude lower than that seen in Jurkat cells, which have previously been described as demonstrating high levels of CDK6 expression (Szepesi et al., 1994) , this still represents a gross over expression of CDK6 compared to other SLVL cells lacking chromosome 7q21 rearrangements or normal quiescent B or T lymphocytes. Tumor lymphocytes from an additional eight SLVL and 11 chronic lymphocytic leukemia (B-CLL) patients were analysed by¯ow cytometry and showed no increased level of CDK6 expression.
Discussion
Dysregulation of oncogenes by translocation to an immunoglobulin heavy or light chain locus is a frequent event in the pathogenesis of B-cell malignancies (Korsmeyer, 1992; Rabbitts 1994; Chesi et al., 1997) . Translocations may result from aberrant VDJ or class switch recombination, or arise as a consequence of somatic hypermutation (Goossens et al., 1998) or recombinase activating gene (RAG) mediated transposition (Hiom et al., 1998) . This current study implicates the over expression of CDK6 in the pathogenesis of a B cell malignancy. In the three SLVL cases, the CDK6 gene is juxtaposed to the V region of the kappa light chain locus. Immunophenotypic and VH gene analysis is consistent with the target cell arising from a memory B cell which has traversed the germinal centre and undergone somatic hypermutation but not immunoglobulin class switching. The translocations involving the kappa gene could be a result of aberrant VDJ recombination during B cell development, but could also be a consequence of immune receptor editing in germinal centre cells expressing the recombinase activating genes RAG1 and RAG2. A dierent mechanism must be proposed for the fourth case (P4) in which the translocation involves an uncharacterized expressed transcript on chromosome 21. In this case, like that of the t(7;14), mapped in this report, the translocation involved elements close to the end of a repetitive genomic element; in (P4) this was an L1 repeat while a THE-7 element was the site of the t(7;14) translocation.
CDK6 together with CDK2 and CDK4 are a group of serine/threonine kinases which positively regulate the G1 to S phase transition by phosphorylating the retinoblastoma protein (pRb), an event which leads to the release of E2F transcription factors that control S phase genes (Easton et al., 1998) . The activity of the G1 cyclin dependent kinases is positively regulated by binding to a D type cyclin and the CDK activating enzyme CAK, and negatively regulated by two families of CDK inhibitors which include the INK4 group (p15, p16, p18 and p19) and the Cip/Kip group including p21 and p27.
The majority of human tumors have genetic abnormalities that dysregulate components of the RB1 cell cycle pathway. A recent study has investigated CDK6 expression in both normal and (d) and (e) show increased staining for CDK6 compared to the CD19 negative populations. In (f) and (g) there is no comparable increase in CDK6 expression neoplastic lymphoid tissues using immunocytochemistry and¯ow cytometry (Chilosi et al., 1998) . CDK6 was strongly expressed in both normal cortical thymocytes and T cell acute lymphoblastic leukemia or lymphoblastic lymphoma. CDK6 expression in these tumors was not due to gene ampli®cation, or associated with genomic rearrangements. CDK6 was either not expressed or expressed at a very low level in a variety of other lymphomas including peripheral T cell non Hodgkin's lymphoma (NHL) and both high grade and low grade B NHL, including two cases of mantle cell lymphoma and one case of lymphoplasmacytoid lymphoma. In addition to T cell lymphomas, increased activity of CDK6 has been demonstrated in a variety of other malignancies including squamous cell carcinoma (Timmermann et al., 1997) , gliomas (Costello et al., 1997) and in a neuroblastoma cell line (Easton et al., 1998) . The mechanisms responsible for the overactivity include genomic ampli®cation of 7q21 including CDK6 (Costello et al., 1997) , and a CDK6 mutation which disrupts the binding of p16 to the CDK, thereby preventing inhibition of CDK6 protein kinase activity (Easton et al., 1998) .
The data presented here demonstrate a novel mechanism for increased CDK6 expression in four cases of SLVL/SMZL. The two cases in which a t(2;7) translocation was the sole chromosomal abnormality have pursued a benign clinical course whereas the cases in which a 7q translocation was part of a complex karyotype had progressive disease (Table 1) . Particularly in patients P1 and P2, where no other karyotypic abnormality was found, it seems likely that CDK6 overexpression is implicated in the pathogenesis of SLVL/SMZL. However, the exact role played by such increased expression remains speculative.
Flow cytometric analysis of the proliferation marker Ki-67, with simultaneous measurement of DNA, in six SLVL cases in this study, showed a small number of circulating tumor cells, typically 52% in G1, 51% in S phase, and the great majority in G0 (results not shown), indicating that SLVL is a disease with a low proliferative index. The common clinical pattern of slow accumulation of circulating lymphocytes is consistent with subtle alterations in the balance between cell proliferation, dierentiation, and apoptosis. Increasingly, cell cycle regulators are described as having a role in more than one of these functions (Latham et al., 1996; Kaldis et al., 1998; Schneider et al., 1998) .
We investigated 15 additional cases of SLVL without abnormalities of chromosome 7q and failed to demonstrate genomic rearrangements of CDK6; the eight cases investigated for increased protein expression were also negative. Investigation of other regulators of the G1 to S transition in SLVL is clearly indicated. Additionally, a wider study of CDK dysregulation in other low grade B cell malignancies may be productive, particularly since drugs which inhibit cyclin dependent kinases are currently under development (Konig et al., 1997) . This study demonstrates a novel mechanism for increased CDK6 expression, which may function in an oncogenic manner, and provides direct evidence that dysregulation of key elements of the G1 stage of the cell cycle is implicated in the pathogenesis of SLVL/ SMZL.
Materials and methods
Primary tumor samples
Samples were obtained by informed consent from patients of the Royal Bournemouth General Hospital and the Truro and Trelisk General Hospital, UK. Tumor cells were isolated by standard methods (Corcoran et al., 1998) . Data on patients P1 ± P4 have been presented in other studies (Oscier et al., 1996) .
Cytogenetics and FISH
Karyotype analysis was carried out in the Bournemouth Cytogenetics Laboratory on TPA (tetradecanoyl phorbol 12 myristate 13 acetate) stimulated blood cultures, using a GTL (Geimsa, trypsin, Leishman) banding technique. Fresh slides were prepared for FISH analysis from stored ®xed cell suspensions. YAC HSC7E947, BAC H_NH0029A11 and cosmid cos130a6 were from a chromosome 7-speci®c YAC (Kunz et al., 1994) , a total genomic library, and the Lawrence Livermore National Laboratory chromosome 7 speci®c cosmid library, respectively. Cosmid BMTH9 was from a genomic library constructed from YAC HSC7E947 in this study. Probes were labeled with digoxygenin (Roche Diagnostics) by nick translation and detected by a sheep antibody conjugated with rhodamine (Roche Diagnostics). They were used in conjunction with biotinylated whole chromosome 2 or 7 paint (Cambio, Cambridge, UK) which was detected with¯uorescein avidin (Vector Laboratories, UK), in dual color FISH experiments. Metaphases were examined using a Zeiss Axioskop epi¯uorescence microscope with a 100 W mercury vapor lamp. Images were captured with a cooled CCD camera (Photometrics, Tucson, AZ, USA) run by Smartcapture software (Vysis, UK).
Southern blot analysis
The probes used to detect the breakpoints included p1303.0; a 3 kb EcoRI fragment isolated from cosmid cos130a6 which contains the ®rst exon of CDK6, p1305.0; a 5 kb EcoRI fragment also isolated from cos130a6 which is located upstream of the start of transcription of CDK6. To identify the t(7;21) breakpoint probe p67tel (668 bp) was generated by PCR using primers P67for; 5'-CCATGTTGCTGTCCCTC-3', and P67rev 5'-TTTGGGTAAGCCAAGAGATAATGG-3', and is located 67 kb telomeric to the start of transcription of CDK6.
Translocation breakpoint fragments
The cloned chromosome 7 breakpoints included re-arranged SacI fragments from patients P1 and P2 using nested primers CD13; 5'-CCGCAGCGAAGGAAGCGTCG-3', and CD14; 5'-TTCGGCGGAGAGAAACGGGAGCAGC-3', a rearranged SacI fragment cloned from patient P3 using nested primers CD17; 5'-ATTAGTGGGAGAGAGTGGGACG-3' and CD18; 5'-TCGGCGGAGTTTCCAAACCCAG-3', and a rearranged XbaI fragment cloned from patient 4 using the nested primers P67rev; 5'-TTTGGGTAAGCCAAGAGA-TAATGG-3' and P67rev2; 5'-CTAGGAGCACATGCTT-GACC-3'. All tumor DNA samples were digested with the appropriate restriction enzyme before ligation to prepared pBluescript SK (Stratagene), predigested with the same enzyme and alkaline phosphatase treated. Nested PCR was then performed with the afore-mentioned primer sets, using the M13 reverse primer and T3 primers as linker primers and the resulting PCR products cloned into pGEM vector (Promega UK).
RT ± PCR assays
2610
5 CD19-RPE-Cy5 (Dako) positive B lymphocytes were collected by FACS sorting using a Beckton Dickinson FACSCaliber¯ow cytometer. RNA was recovered and cDNA synthesized by standard methods (Chesi et al., 1997) . The eciency of cDNA synthesis was monitored by measuring incorporation of labeled dCTP, and the quality of the cDNA veri®ed by PCR ampli®cation using RNA speci®c primers for a 520 bp fragment of the b 2 -microglobulin gene. CDK6 cDNA was ampli®ed under standard conditions for 23 cycles using primers CDK6RTA; 5'-GGAAGTATGGGT-GAGACAGG-3', and CDK6RTB; 5'-GAAGAA-GACTGGCCTAGAG-3' corresponding to exons 2 and 3 of the mRNA sequence, to give a product of 185 bp. The CDK6 PCR products were transferred to nylon membrane (Hybond-N, Amersham, UK) and hybridized with the oligonucleotide probe CDKI; 5'-GCACTGTAGGCAGA-TATTC-3', which is complementary internally to the ampli®ed CDK6 sequence. Primer sequences and conditions used in this work and not described here are available upon request from the authors.
Western analysis
10
4 or 10 5 cells were lysed, separated by SDS ± PAGE, and probed with rabbit polyclonal anti-CDK6 antibody (Santa Cruz Biotechnology sc-177) using standard protocols (Szepesi et al., 1994) . Equivalent protein loading and transfer was veri®ed prior to probing by staining and subsequent destaining with Instaview Nitrocellulose (Merck Ltd, UK).
Flow cytometry
Lymphocytes were ®xed and permeabilized using Facslyse (Becton Dickinson, San JoseÂ , CA, USA) for 10 min, followed by methanol (30 min at 7708C). Cells were incubated with an anti-CDK6 rabbit polyclonal antibody (Santa Cruz, sc-177), 5 ml in a dilution of 1 : 50, at room temperature for 30 min. Labeling could be blocked by prior addition of a speci®c blocking peptide (Santa Cruz, sc-177P), in the same dilution. The secondary antibody was FITC labeled and surface labeling was with an anti-CD19-PE mouse monoclonal (Dako). A minimum of 5610 3 cells were acquired in the Cellquest program of a FACSCaliber cell sorter (Becton Dickinson). No patient material was available for expression analysis from P3 and P4.
